Ocean life breaking rules by building shells in acidic extremes
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Rising levels of carbon dioxide (CO 2 ) from fossil fuel combustion is acidifying our oceans [1, 2] . This acidifi cation is expected to have negative effects on calcifying animals because it affects their ability to build shells [3, 4] . However, the effects of ocean acidifi cation in natural environments, subject to ecological and evolutionary processes (such as predation, competition, and adaptation), is uncertain [5, 6] . These processes may buffer, or even reverse, the direct, short-term effects principally measured in laboratory experiments (for example, [6] ). Here we describe the discovery of marine snails living at a shallow-water CO 2 vent in the southwest Pacifi c, an environment 30 times more acidic than normal seawater (Figure 1) . By measuring the chemical fi ngerprints locked within the shell material, we show that these snails have a restricted range of movement, which suggests that they live under these conditions for their entire lives. The existence of these snails demonstrates that calcifying animals can build their shells under the acidic and corrosive conditions caused by extreme CO 2 enrichment. This unforeseen capacity, whether driven by ecological or adaptive processes, is key to understanding whether calcifying life may survive a high-CO 2 future.
Carbon dioxide enrichment causes two key changes to the seawater: a reduction in pH and a reduction in calcium carbonate ion concentration (saturation level, ). Shelled molluscs are 'heavy calcifi ers' and are especially vulnerable to these changes, showing signs of stress (such as suppressed metabolism and digestion, as well as reduced calcifi cation and growth) even under relatively minor CO 2 enrichment (for example, pH 7.8 and  > 1) [3, 7] . We discovered marine snails living Correspondence close to a CO 2 vent at Te Puia o Whakaari (White Island), an offshore volcanic island in New Zealand. These snails were fi ve times more abundant at the vent, compared to neighbouring control habitats; however, they were also smaller (Figures 1 and  S1 ). Snails at vent and control sites were morphologically similar and were identifi ed as Eatoniella mortoni; however, cryptic speciation between sites is plausible and yet to be tested. Regardless of taxonomy, the existence of these snails is remarkable given the extreme acidity (pH 6.6, versus 8.1 for normal seawater) and near-zero carbonate saturation levels (aragonite , 0.09; calcite , 0.13) at the vent ( Figure 1 , Table S1 ). This environment well exceeds the worst-case climate change predictions, with ocean pH expected to drop to 7.8 by 2100 [1] .
Calcifying species have been found at other shallow-water vents; for example, in the Indo-Pacifi c region [8] and the Mediterranean Sea [9] . However, the surrounding waters at these lower latitude sites are also naturally higher in carbonate ions (baseline aragonite , 3.9 and 3.4 in Mediterranean and Indo-Pacifi c vent regions, respectively, vs. 2.2 at Te Puia o Whakaari) because carbonate concentration declines towards the poles [4] . The resistance of this snail to extremely low pH and carbonate ion concentration is only exceeded by a bivalve (found at deep-sea hydrothermal vents) that is a highly specialised obligate organism reliant on chemosynthesis, rather than sunlight, as a source of energy [10] . Photosynthesis forms the foundation for most life on earth and, because CO 2 uptake by the oceans is restricted to surface waters, it is the photosynthetic environments that are exposed to ocean acidifi cation [4] . The existence of these herbivorous snails suggests that, because they can survive acidic extremes, they have an adaptive capacity to cope with ocean acidifi cation.
As many marine species have complex life cycles, often with a planktonic larval phase, environmental conditions they experience as juveniles may be different from those they experience as adults. To provide quantitative evidence of lifetime exposure to the environmental pH Current Biology 27, R1089-R1107, October 23, 2017 R1105 conditions, we measured chemical fi ngerprints locked within the shell material. Chemical fi ngerprinting uses targeted chemical analysis of biomineralised tissues to determine the environmental and movement history of organisms. Using uranium concentration -a known proxy of seawater pH -as our chemical fi ngerprint, we established the pH and movement history of the collected snails (see Supplemental Experimental Procedures). We analysed uranium concentration at the tip and base of the shells, which represent the juvenile and adult stages of the snails' lifecycle, respectively. We found no difference in uranium between juvenile and adult portions of the shell within each pH environment (twoway ANOVA: F1,74 = 0.19, p = 0.65), but found signifi cant differences in uranium between each pH environment (F2,74 = 29.7, p = 0.001). Uranium concentration increased with increasing acidity, with three times more uranium found in the shells of snails collected in extreme pH conditions relative to those collected in pH conditions similar to what is expected in the future ( Figure 1 ). As these two sampling locations were only three meters apart, this result shows a restricted range of movement (which aligns with the snail's biology; see Supplemental Experimental Procedures) and that the pH environment at the time of collection was the same as the pH environment of their birth.
We unlock the possibility that calcifi ers cannot just exist, but might perhaps even thrive, in acidic extremes, and that acidifying oceans are not beyond the capacity of calcifying life. This counter-intuitive response might involve both ecological adjustments that allow networks of species to compensate [6] and microevolutionary adjustments that allow individuals within networks to adapt [5] . This discovery opens opportunities to explore new perspectives on species' resistance to ocean acidifi cation and the ecological and evolutionary processes that confer that resistance.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one fi gure, one table, experimental procedures and references, and can be found with this article online at http://dx.doi.org/10.1016/j. cub.2017.08.057. Top panel illustrates sampled pH environments; current pH at the control habitat (8.1; aragonite  2.2), future pH (7.8, forecast for year 2100 based on RCP8.5 scenario and model-mean [1] ;  1.4) and extreme pH (6.6;  0.09) at the vent habitat (see Table S1 for more details). Control and vent habitats were 25 m apart with 3 m between future and extreme pH. Middle panel shows relative differences in snail density (abundance), with fi ve times more snails at future and extreme pH relative to current pH. Lower panel demonstrates that the pH environment at the time of the snails' collection was the same as the pH environment of their birth; that is, uranium concentration (mean ± SE ppm) in juvenile and adult portion of the shells align.
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